January 2018 Int J Agric & Biol Eng Open Access at Htiwww.ijabe.org Vol. 11No1l 1

Advances in greenhouse automation and controlled environment
agriculture: A transition to plant factories and urban agriculture

Redmond Ramin Shamshirt’, Fatemeh Kalantar?, K. C. Ting®, Kelly R. Thorp,
Ibrahim A. Hameed®, Cornelia Weltzierf, Desa Ahmad', Zahra Mojgan Shad

(1. Smart Farming Technology Research Center, Department of Biological and Agricultural Engineering, Faculty of Engineering,
Universiti Putra Malaysia, 43400, Serdang, Selangor, Malgys Department of Landscape Architecture, Facuoltypesign and
Architecture, Universiti Putra Malaysia, 43400, Serdang, Selangor, Malay&iaDepartment of Agricultural and Biological Engineering,
University of lllinois at UrbanaChampaignUrbana IL 61801 USA 4. United States Department of Agritire, Agricultural Research
Service, U.S. Aridand Agricultural Research Centévlaricopa, AZ 85138, USA 5. Dept. of ICT and Natural Sciences, Faculty of
Information Technlogy and Electrical Engineering, Norwegian University of Science and Technology(NTNU), Larsgadsveie6@)NO
Alesund, Norway 6. Leibniz Institute for Agricultural Engineering and Bioeconomy, Mgih-Allee 100, 1446®otsdamBornim,
Germany 7.Adaptive AgroTech Consultancy Internatior@h 93955, USA

Abstract: Greenhouse ctivation has evolved from simple covered rows of efieluls crops to highly sophisticated controlled
environment agriculture (CEA) facilities that projected the image of plant factories for agbhanlture The advances and
improvements in CEA have promdtehe scientific solutions for the efficient production of plants in populated cities and
multi-story buildings Successful deployment of CEA for urbagriculturerequires many components and subsystems, as
well as the understanding of the external influegciactors that should be systematically considered and integrafbds
review is an attempt to highlight some of the most recent advances in greenhouse technology and CEA in order to raise the
awareness for technology transfer and adaptation, whickdsssary for a successful transition to urbgriculture This
study reviewed several aspects of a higth CEA system including improvements in the frame and covering materials,
environment perception and data sharing, and advanced microclimate contesleagg optimization models This research
highlighted urban agriculture and its derivatives, including vertical farming, rooftop greenhouses and plant factoriasewhich
the extensions of CEA and have emerged as a response to the growing populdtmmmental degradation, and urbanization
that are threatening food security. Finally, several opportunities and challeagedeeridentified in implementing the
integrated CEA and vertical farming for urban agriculture.
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. transition driven by the advances precision technology, data
1 Introduction processing and smart farming. Protected cultivatidrave
Closedfield agriculture is experiencing ereakthrough ~ changed from simple covered greenhouse structures tetdugh
plant factories that optimize the productivity of the plants and
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managed, and operated, CEA by means of-agres and plant reviewed to illustrate how each part can facilitate achieving the
factories can significantly contribute to this context for the overall objectives of a CEA. A summary of somef the research
yearround production of fresh vegetables in urban areas. Fomworks in the past dade on energy analysis, artificial intelligence
such a system to operate successfullg anhieve its production and simulation models with applications in different aspects of
objectives, attention needs to be paid to the technical aspects @freenhouse production are presented in Sections 4.2 andA4.3.
automation (A), culture (C), environment (E) and system (SYS).substantial amount of research has been done on individual aspects
Ting et al! defined ACESYS terms as follow: Automation is the of automatim, culture, and environment, as well as their
processing of information and exeicun of tasks for operation of  combination, however improvements of CEA also require decision
CEA through computerized instrumentations and various controlsupport systems (DSS) and assessment tools fortéwnyg risk
algorithms that might include decision support programs andmanagement by accurately determining the interactions between
artificial intelligence. The cultural and environmental factors climate parameters androwth responses prior to the actual
comprise  cultivation  techniques, plant characteristics, cultivatio'?. To identify technological pathways for energy
microclimate requirements and growth responses. It also containgfficient CEA, a survey was performed in Section 4.4 to highlight
mor phol ogical and physi ol ogi c asbme®fate thiprovedsalstions basel onadecisiBnrsuppott bystdmis C
rooting, transplanting, pruning, water and nutrient delivery, for energy managementrategies in the commercial greenhouses.
pesticide application, harvesting, pbstr v e s t pr oc e msSedldgh, 5, tieet research covered urban agriculture and the
Tingetastated that fSystems an @elelpre® ofapmt fattdlidseadd eitidalofarming Swhich is
methodology that starts with the definition of a system and its goalsgrowing rapidly in the East and Southeast Asia, most noticeably in
and |l eads to the conclusion rjgénasodh Koa, Tailv&rovifcE 6f Cinal Gusd Ma¥ydiakadd i | i
productivity, reliability, aa other peror mance i n gelicv@dt SeVefal @onceptual designs such as the rooftop
Researchtrends in this field are toward innovative methods for greenhouses to highlight how various research and educational

shifting from conventional greenhouses to smart controlledinstitutes, real estate developers, and construction companies are
environments that benefit from natural resources for eliminatinginvolved in the emerged opportties.

deleterious external conditions.The ultimate objective in this ) ) o
regard would be achieving high yield and highality fruits at 2 Considerations for viability

minimum possible cost. Several factors to be considered in designing of a viable

Innovations in the lovcost and lowpower consumption greenhouse system for producing yeaund crops and
sensors and instrumentations, communication devices, dat@egetables are the structure frame, landscape, topography, soil,
processing and mobile apmitions, along with the technological  cjimate conditions, microclimate contrsystem, light condition,
advances in the design structures, simulation models, anghiercepted solar radiation, windbreaks, the availability of
horticultural engineering have provided the stft¢he-art electricity, roadways, and labor force. Other conditions that
facilities that are shifting the traditional CEA to plant factories for gnouid also be taken into account for an efficient leagmle
urban farming. This papepegins with a summary of several ommercial greenhouse productidrt” are the environment,
reviewed literature in Section 2 on the advances in greenhousgqqonomic and social factors. For example, a modern greenhouse
covering materials, artificial light, and the efficiency of the sirycture might be constructed within a commercial building or
microclimate controller for a viable CEA system. This part aimed near commercial or residential lands. Some of the most popular
to investigate the effects dfe existing and new covering materials greenhouse structures and CEA are presentedgimé=1 There
on the resulting microclimate (including influencing factors and gre numerous experimental and analytical research works that
their interactions with cultural practices), plants growth, and yield. agddress how environmental parameters inside a greenhouse is
Modeling of CEA, as well as objectiented automaticoulture affected by the structural design and shape, volume size,
environment sstem analysis that is presented in the works of Ting dimensions, plants density, covering films, structure material
et al'¥ provide a systematic approach for a better understanding ofyind speed, geographical orientation, and most importantly the
these influencing factors. These findings and their implications inmjicroclimate control system. For example, in regions where
a modern CAE such as plant factories and-egbes are further  solar radiation or ambient air temperatures are high, several
discussed in Section 5.  After that, environmental monitoring anddesign factors for optimum air exchange such as the ratio of the
perception by means of wireless sensor networks (WSN) anchreaof the vent openings to the ground area covered by the
internet  of thingshased (lotbased) platforms have been greenhouse, the ratio of the greenhouse volume to the floor area,
demonstrated and reviewed as an essential part of an automatigfhd the vertical distance between the air inlets and air outlets can
system. Inour opinion, the three biggest challenges for the significantly improve the ventilation performance. Optimization
development of an efficient and viable CEA system are the creatioryf vent configuration by evaluating greenhouse and plant canopy
of automation levels for energy management, reduction ofyentilation rates under winthduced ventilation has been studied
environmental impact, and maximizing use of natural resourcespy Kacira et al*®. This section provides a summary of the
A comprehensiveaview of the advances in environmental control research works that have addressed improvements in covering
methods, energy optimization models, prediction tools, andmateials, and microclimate control systems. To avoid
decision support systems are provided in SectionSpecifically, overlapping of the contexts and maintain a consistent flow of the
the applications of different higlevel algorithms for the most topics, we have covered the advances in structure design (i.e.,
efficient microclimatecontrol solutions are highlighted in Section rooftop greenhouses) as a separate subsection under urban
4.1. These control methods and automation phases have beetyriculture.
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Figurel Snapshot views of some of the most popular modern greenhouses and controlled environment agriculture
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2.1 Covering materials double layer plastic and flat glass cover on the lycopene
Considerations for greenhouses covering materials involveaccumulation and color index during tomato fruit ripening. They
supporting foundation, shape and framing materials, geographicatoncluded that lycopene biosynthesis in tomato fruits was increased
direction for optimal light entrance, the load of equipment, factors by the amount of light after the beginning of ripening growth stage.
for static and dynamic loads (i.e., hanging plants, structurehiyeig Studying the effect of greenhouse covering materials on the inside
and wind speed), dimensioratio, and volume. Greenhouses air temperature under tropical climate condition showed that while
structures and covering can take different forms which can be usedutside temperature was between 288C, the temper&ure
to surround the whole or a section of the cultivation area and spacénside a polyethylene film covered greenhouse without
The most dominant transparent materials in use2&enm glass environment contiol reached68C -70€C, leading to air vapor
panels netscreen film,and 0.1 mm and 0.2 mm Polyethylene pressure deficit (VPD) of &«P&>. Al-Mahdouri et al*®
(PE) plastic films, and ultraviolet (UV) stabilized filns. evaluated optical properties and thermal performances of different
Baudoin et af*® recommended that in order to obtain a reasonablegreentouse covering materials. The combinations of external
heat rise of less than 4€ in a glaskd greenhousdhe airflow climate conditions and type of greenhouse for the most appropriate
rate should be 0.68.05 ni/s of floor area (1 A). Selection of  application have been studied by Kempkes dtYaA computer
covering material for a greenhouse depends on its application, thapplication to measure geometric characterization and dimensions
type of crop to be cultivated, and the climate condition of the of insectproof screens was designed by Alvarez et“?hl.

region. It can vary from simple covers sushoae layer plasti¢®! Polytheneclad greenhouses do not become as hot because of the
doublewall plastié’®® and glas&??, to fiberglas&>?* transparency of the plastic to lomgwe radiation that is
doublewall plastic, acrylic sheBt, polyethylene filrf®2, transmitted back out of the greenhouse. Therefore, for a

polyvinyl chloride (PVCYY, copolymer§Y, Polycarbonate  polythenefilm covered greenhouse, the ventilation rate can be
panel§?, and selective transmison mediurfi®*4 for different  reduced to 0.08.04 ni/s of floor area (1 A" With
spectral frequencies. Some of these materials are designed to trgpeenhouse shading, the amount of solar radiation and light
energy inside the greenhouse and heats both plants zone and itgensity reaching the plants is restricted, creating a closed
surroundings. Detailed properties of these covering, as well as thedifference between air temperaturinside and outside the
quality assessments dheir mechanical properties, haveeen greenhouse. Shading alstecreasesleaf surface temperature
addressed in detail by a study on the effects of cover diffusivesignificantly. According to Glenn et f!, while a 20% to 80%
properties on the components of greenhouse solar radfidtion light reduction can be expected depending on the shading materials,
Condensation, radiation transmittance and diffusing propertieshe sufficient light reduction for mogreenhouse applications is
of different types of insmitting covering materials in greenhouses between 30% and 50%. Hassanien anfLinvestigated the
have been discussed by Pollet ef%l. Glazing materials allow  microclimate parameters and growth responses of lettuce plants
shorterwavelength radiation (i.e. visible light) to pass through, but inside a greenhouse that was shaded with -semgsparent
long wavelength radiation such as infrared (heat) is trapped insidenonocrystalline silicon double glazing photitaic panels
the geenhouse. A comparison between different greenhouse (STPV). The STPV panels of thestudy accounted for 20% of
covering materials, including polyethylene film, phatective red  the greenhouse roof area, and showed that the combination of
color film, and insecproof net for tomato cultivation during STPV and polyethylene cover decreased the solar radiation by 35%
summer is available in the works of Arcidiacono ef*%land to 40% compared to the use of polyethylene cover. Tdisy
Hemminget al® Jarqui-Enduez et al®® studied the effects of showed that the STPV shading decreased the air temperature by
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1€ -3€ but did not have any significant effect on the relative m increases both temperature and humidity levels in the canopy
humidity, fresh weight, leaf area and the chlorophyll contents undedayef*®. Microclimate, air velocity,ventilation efficiency, and
natural ventilation. light transmittance are mainly influenced by the properties of the
Protected cultivation of Solanaaeo crops such as tomatoes netscreen mesh and the greenhouse shape. While these structures
and peppers by means of Scrédmmuses operating on natural enhance natural ventilation in hot and humid climate conditions,
ventilation is now a commonly practiced in tropical lowlands for they still require strong sheks for protecting plants from extreme
reducing insect migration, the risk of damage by high rainfall, solar radiation, rainand strong winds. The screbnuse itself is
extreme solar radiation, and high wind ege. In addition, by an important pest protection device, provided it is equipped with
using insecproof net covered greenhouse, the inside and outsidd€ine mesh screens in all openings, and a dedbta system.
temperature may remain similar, while temperature has beer2.2 Light control and artificial lights
observed to be rising with the phegelective film during summer. The main approachefor controlling light level and the
Studies showed that nstreen greenhousehave gained more intercepted radiancim CEA are throughplanteddensity, shading
popularity in tropical regions due to the potential of climate screensandartificial lights. Light condition and air temperature
parameters that have optimality degrees close to the plants desirede the two most important environmental dastfor plants growth.
levels. Shamshiff! observed that under an insgrbof In fact, discussions about optimal air temperature without including
netscreen covered greenhouse operating orralayentilation, the light condition and plant evapotranspiration does not generate any
inside and outside air temperature remained close to each otheuseful data for maximizing yield and producing highality
while the air temperature was found to increase inside twovegetable. Light and air temperaguare intrinsically related and
photoselective film covered greenhouses (polycarbonate panel anit is a weltkknown fact that one cannot be optimized without
a polyethylene covered) operating on evapeeatcooling®. considering the other. For example, tomato quality, including
Shading nets ease the natural ventilation process and can protegield, productivity and lycopene valus not only affected by the
plants from excessive sunlight, wind, and heavy rains. Lorenzo emicroclimate parameters and cuhlil experience, but with the
al“" reported that movable shade under intense sunlight in SpaifPhotosynthetic Photon Flux Density (PPFD). In fact, it is the
caused 10% increase in the marketafdéd of greenhouse tomato. optimal combination of air temperature, relative humidity, and light
Other reports indicated thaéxternal and internal shading nets that will result in maximum yield (assuming that other factors such
reduced horizontal and vertical gradients in air temperatureas CQ, soil pH and nutrieit are not limiting). A schematic
compared with those without shading H&ts Results of a study  diagram is presented iRigure 2to illustrate the effects of light
on the effect of roof height of aarge screefmouse on the  spectral, intensity and photoperiod on plant growth, along with a
ventilation rate using ordimensional computational model and comparison between spectral power distribution of natural and
preliminary measurements showed that increasing roof height by artificial light sourcesand the plaris response to irradiance level.
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Figure2 Comparison between spectral power distribution of natural and artificial light sources and light response curve of plants

The most common artificial light sources that are used in advantagesuch as cost efficiency, compact design, durability,
modern greenhouses and CEAs are incandes@doglen lamps,  light quality, and low thermal energy generation. Research on
discharge lamps (such as fluorescent light tubes, Metal HalideLEDs as a substitute for plant growth began in 198@svever it
and highpressure sodium lamps), and the Ligiitting diodes was only after mieR000s that they became economically fiekes
(LEDs). Among these, LEDs have gained significant popularity for large scale commercial production. These devices reduce
in the researchand development communities due tbeir the costs of electricity by using plant from effectual
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transformation of electric power to directed light wavelengths. covering intensity, the production of tomato wiicreaseup to
Moreover, the compact design of LEDs that located close to the51%. The soil surface will lose its moisture in gkafaster by
plants,allows the structure of various layers of plant production absorbing the more radiant energy, but, the high density of
to stack vertically in CEA, while decreasing the costs of cooling tomato plants caused less radiation at the soil sutfhce

compared with other artificial light sources. Nowadays the 2.3 Efficiency of microclimate controller

functional costs of LEDs are a highiority study and advance An efficient greenhouse requires environment control for air
subjectfor upcoming greenhoudeased planfactories. In the  quality, diseaseeduction, pest control, andutrient and water
case of tomatoeshading affectbiosynthesis and carotene level uptake. The inputs and outs of a greenhouse system are shown
of lycopene. According to the study of Cockshull €P%).plant schematically inFigure 3 The quality of air is governed by
factory yield will be reducediy 20% by utilizing a cover with factors such as air and rembne temperature, humiditgarbon
23% shade. Yids also will be enriched with color shaded in dioxide, air movement dust, odors and disease agents. Other
plant factories in hot weathers. Yet, color shades can bevariables in the greenhouse environment thtf ect pl ant 6

disadvantageous in areas with limitsdnlight hours in cloudy light condition, soil feeding solution pH and electrical conductivity.
and cold climates. In fact, choosing suitable planting density These parameters and the problems associated with each have been
can increase crop wateutput and improve light capture.On extensivey discussed by several textbooks, see for example

the other hand, the planting dendigsan effect on the harvest of Hochmuth and Hochmuff¥, Cheri®® and Jond®”’. Plant
tomato in greenhouse growing system and evapotranspirationgrowth responses to other influencing factors and climate changes
(ET)®Y.  According to the reports of several studies, factors such as carbon dioxide and wind speed have been discussed in the
such as numbers of flowerindruits location in per plant and textbook of Maison and Morecroft. In general, microclimate
single fruit weight were all lesser with more density of planting, parameters in a CEA are manipulateg passive and active
thereforeresulting inlesser harvesf€®Y. | n anot her \entlatibry , evapdratile cooling techniques, shadings, and
et all® showed that in the tomato factory, by using red shaderefrigeration dehumidification Several methods based on the
netting techniques the lycopene content highly increased,Fans Assessment NumeratiBgstem (FANS) for evaluation of the
however, these fruits had minor carotene content. Maximumventilation performance and suggestions for the energy efficiency
production of tomato by percentages of covering @described of greenhouse fans are presented in [62]. It should be noted that
under 40% by ERidy and EFAfry®®® and 35% by ElGizawy et the high operating costs of aionditioners make them impractical
al®” Moreover, EI-Gizawy et af®”! claimed that by increasing for commercial apj¢ation.
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Figure3 Inputs and outputs of controlled environment agriculture

The efficiency of active systems, i.e., fan and pad evaporativeof mobile shading is not well documentedn drder to determine
cooling, has been widely studied and modeled for modularthe size of fans and pads for evaporative cooling, the volume of the
greenhouses that use mechanical ventil&fi6f, bu research  greenhouse needs to be calculated. An air excharigmithof 1
works on their use alongside natural ventilation in greenhouses o 1.5 times of the greenhouse volume is recommended every
semiarid climates are narr§#. Reports showed that when minuté!®. The number of fans should belected based on the air
ventilation fan belts were adjusted to the proper tension, the farexchange and by taking into account that their placement should
speed and airflow rate were respectively 13.1% 2md% higher not be spaced more than 7.6 m apafccording to Duan et &7,
than those of original beltd. The same study also reports that a properly operated typical swamp cooler has the potential to cool
the daily average energy consumption for the ventilation fan withair within 3€ to 4C of the wetbulb temperature. These units
the original loose belts was 20.4% higher than that with thecost less than atonditioner and consume 60% to 80% less
adjusted belts when the pad was not workiagd 24.2% higher electricity; however, they are only practical for small greenhouses
with pad working. There are theoretical and experimental studiesn hot dry regions. Another form of evaporative cooling is
which compare the effects of fogging and fixed shading systems omisting which reduces plant moiséuloss and leaf transpiration by
the Mediterranean greenhouse clinffitehowever, the assessment reducing its temperature due to evaporative cooling. Misting is
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categorized into lowpressure and higpressure (also known as or automatically controlled. Natural ventilation is caused by the
fog-cooling. In fogcooling systems, higbressure water is stack effect, wind ventilation, or both. Ventilation for air
passed through nozzles with oréi sizes usually less than &6n. temperature control is efficient only when outsidetamperature

A fan then blows the extremely small droplets of water into of the greenhouse is less than inside. Some of the factors to be
greenhouse air and reduces temperature through an evaporatitaeken into account fodesigning of a proper naturally ventilated
process. These systems are usually used in greenhouse cooliggeenhouse are the location of the structure, insulation, ceiling
for seed germination and propagation. A major drawback of thisslope and ventilation openings. Various refees have
method is that it creates high humidity climate inside canopiesconcluded that using natural ventilation, it is malficult to
which facilitates the development of bacterial diseases, such asniformly distribute fresh air in wider greenhouse struct(fréd
agae andbotrytis Several recommendations for obtaining A comprehensive review of ventilation systems is available in the
better cooling results with misting are available in the work of works of Ganguly and GhoSH. The airinlet and outlet size for
Schndle and Dol&®. Low and highpressure fogging systems natural ventilation are determined based on stack effect theory as
in a naturally ventilated greenhouse have been studied an@éxpressed by the Equati¢l). The steadtate heat balance for
compared by Li and Willit§”, suggesting that compared to the determination of maximum ventilation rate requires heat gains to
low-pressure fogging system, the average evaporation efficiencype equal to heat losses and gwen by Equation(2). This

for the highpressure system was at least 64% greater.equation is used to determine: (i) the required ventilation rate to
Moreover, the cooling efficiency of the higitessure system was maintain a given inside temperature for a given heater capacity; (ii)
at least 28% greater than for the lpnessure system. the minimum outside temperature (balance temperature) to
Determination of cooling efficiencies for misting and fogging maintain the desired inside teemature without using supplemental
systems is available in theork of AbdetGhany and Koz&". heat ¢,=0) at a given ventilation rate; and (iii) the size of heater
The efficiency of an evaporative cooling system is calculated byrequired to maintain the desired inside temperature for a given

q= Towt~ Toool as given in the\SABE standard@).  Here, T, ventilation rate and outside (design') tenjperature.

Tout - wa i :_1 = 29 Ch“ I'Q’ (1)
is theoutdoor air temperature, €T is the €mperature of air AR ToG O WV
exiting the.coolir]g pad, €, andT,,, is the wetbulb temperature 0.+, 0, & (F(AY, FR C + VYO D @
of the outside air, C. c

Measurement and data analysis for greenhouse evaporativethere,A is inlet size of natural ventilatiom?; A, is outlet size of
cooling are discussed in the work of Kittas efAlA decrease in  natural ventilation m?% g is gravity=9.76 m/s’ h is height
air temperature by 4C to 5C inside a greenhouse tiwi  difference between inlet to outlet of natural ventilation H, is
pad-andfan evaporative cooling is reported by Jain and Thhri heat suppliedto the greenhouse structur&V; T; is asolute
Performance of a twetage pad cooling system in broiler houses temperature in greenhoysé=(C + 273); } is density of air in
was analyzed by Petek et!4l. showing that the resulting air greenhouse, is equal to 1.175 at 25€ym’; Sis ecific heat of
temperature and relative humidity were significantly éowthan air, J(kg€ ); V is ventilation rate m¥/s; W is heat loss through
those of the traditional system. A thermal model for prediction of greenhouse coverW/C ; U is overall unit area thermal
microclimate factors inside a greenhouse with mechanicalconductance of componentW/(m* ); A is aea of structural
ventilation and the evaporative cooling system was introduced bycomponentm?; c is path of heat transfer, which may be a wall or
Willits[™,  Their results suggested that in the presente  roof component,m; P is the structure perimetem; Fis an
evaporative cooling, increasing canopy size is more influential inexperimentally determined perimeter heat loss father values of
reducing air temperature. They also concluded that withoutF for an uninsulated and unheated slab floon grade range
evaporative cooling pads, the ratio of energy used for transpiratiorbetween 1.4 and 1.@depending on how low the ambient
to incoming solar energy (known as the evapotranspiratio temperature jW/(mK ); C, is gecific heat of moist aidi(koK );
coefficient) is predicted to range from7b for an outdoor air Vs volumetric airflow ratem®s; t; is indoor temperature ; t,is
temperature of 36.8Cand ahumidity ratios of 3.3 g/kg, to 0.8C  outdoor temperature .
for an outdoor humidity ratio of 29.9 g/kg at the same air
temperature. In another study, Max et’3linvestigatedthe

effects of greenhouse cooling methods, including mechanical A review of the recent trends in greenhouse environmental
ventilation and evaporative cooling, on yield and quality of tomato monitoring shows that research and development in this field are
in tropical climates. It was found that the proportion of shifting from offline systems to wireless and clehmsed data
marketable yield was significantly higher in a-seteen covered  collection architectures. Various data acqigisiplatforms, either
greamhouse with mechanical ventilation, and the quantity of prototype or commercial, have been used for improving the
undersized and blosseemd rot affected fruits was reduced in performance of greenhouse production. Some of the most recent
polyethylene film covered greenhouse with the evaporative coolingexamples include webased, cloudbased, loT communication and
method. The researchers then concluded that in regions with higgontrol®83, wireless sensor netwof&2® field-server based
relatve humidity, evaporative cooling without customized monitorind®, field router systenf®® and distributed data
adjustments fordehumidification will not improve closefitld acquisiton with local control managem&hi®. A
production of tomato. comprehensive comparison between the existing remote monitoring
Passive cooling methods, including natural ventilation andsystem in agricultural research is available in thekvadrPrima et
shading, are widely practiced in greenhouses, especialgetimo  al® General components of a greenhouse environmental
tropical regions, by means of nawjustable, manually adjustable, monitoring are shown ifigure 4 This section review two of the

3 Environment monitoring and perception
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most popular greenhouse monitoring frameworks, the wirelesssimplified rules. One of the earliest reports of WSN application in
sensor networks (WSN), and the IoT based systems, whiah havgreenhouse environment monitoring can be found in the work of

redirected greenhouse measurement concentration to a new lev8erdaio et al®? The compact size, reliability, and
for improving efficiency and viability. costeffediveness of WSN modules, as well as flexibility for
3.1 Wirelesssensornetworks developing custom applications besides easy installation, have

Research and development in greenhouses in the early 200Gaade this technology gain attention and popularity for monitoring
began to adopt wireless communication technology for mongorin and control in opeifield®*®¥ and in closedield environment

sending early warning messages, and remote control usinggricultue.
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Figure4 General components and instrumentations in a typical greenhouse environmental monitoring

An interesting application of WSN in greenhouse includegs CO multiple outputs fuzzy logichased controller and an R85
managmenf® and multipoint measurements of microclimate for actuator network to manipulate the greenhouse vapor pressure
monitoring spatial gradients and thmienensional changes in deficit. Prima et afY! developed and evaluated a simple and
parameters during the cultivation prod®¥s For example, Ji et flexible remote environmental monitoring and control based on a
al® developed a WSN for precision control of Cfrtilizer with cloud platform. They implemented lacalglobal management
an improved method for prediction of tomato photosynthetic rate.strategy supporting synchronization of online and offline system
A computerized horticulture data management system that isonfiguration, actuation, and offline management to respond to the
addressed in [92] was developed by implementing WSN, controllerunstable network connection in the rural area. They tested the
area network (CAN), and several internet and email functionality of their system durgna 10day data collection period
communication tols, and was able to support distributed data for automated monitoring of soil moisture content and fertigation
monitoring and control inside the greenhouse environment.control in tomato cultivation. Their results showed that under
Morais et af*® reported the architecture of a WSN platform called unstable network, the system only had 0.78% error, and provided
MPWiNodeZ, a mesltype array of acquisition devices that was 99.2% inrange soil moistureontent measurement, which shows
designed based on ABge multipowered wireless acquisition the potential for londerm microclimate monitoring application in
device for the purpose of remote sensing applications in precisiorgreenhouses.
horticulture. A remarkable advantage of this platform is the An important consideration in designing of an efficient WSN
power management capability that allows the system tofor the greenhouse is the number of nodes, their location, distances
continuously operate in large coamge areas where connection between noes, antenna and the operating frequency based on the
stability and power sources are a concern. A simple deterministigreenhouse microclimate condition. Studies showed that radio
WSN based on IEEE 802.15.4 and XMesh protocol for online wave propagation is strongly affected by the high greenhouse
monitoring and control of air temperature and relative humidity environment®. Several other connectivity issues with WSN in
with several sensors nodes that wereg@thinside the greenhouse the greenhouseale been addressed in [100%ing connection
in a uniform gridded topology is presented in the work of Pahuja etmatrix to estimate the network connectivity in the disconnected
al® The authors used a network health analyzer and found thaspots. For this purpose, Chen et'¥. established a remote
while the data reliability was 100%, their network mean packetmonitoring system in an experimental greenhouse using
reliability was between 759%00%due to the packet losses. This ZigBeebased WSN which coulshonitor air temperature, humidity
failure can be related to the canopy coverage and sensors occludeaid light intensity as well as the wireless link quality. Their
by the dense plantation which reduces the signal strength of theesults showed that by adding ledstance backup routing nodes,
nodes. This network was integrated into a multiple inputs andnetwork connectivity can be guaranteed in the spots having poor
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Received Signal Strengthditator (RSSI), for example, situations evaluating the energy saving (22%), and the water use (33%).

with low energy and RSSI value of less than 100 dBm. Another3.2 IoT-based monitoring

ZigBee WSN application based on star and mesh network  The traditional data monitoring techniques in greenhouse
architecture for monitoring air temperature, relative humidity, and frequently suffer from lack of sharing and availability, great
soil moisture content inside tlggeenhouse is available in the work laborintensity, low spatiotemporal resolution, a lack of data
of Zhou et af*®" More recently, Azaza et 8P presented a smart  centralization, and organizational management in obsgrtiie
type-2 fuzzy logic based control system to manage the greenhousenvironmental aspects of a greenhouse. The loT offers an
microclimate with attention to the effectiveness, the energy use an@éxcellent opportunity not only in greenhouse environment
the productioncosts. They integrated an observer and smartmonitoring but as a method for nalestructive quantification of
automation system into the control process by using a wireless datphysiological factors of the cultivated plants to be shared within a
monitoring platform enabling a distance data measurement. Theinetwork of other greenhouse producers. The potential
method also provided a retiine data access and building database greenhouse applications of 10T cover a variety of scenarios.
that canbe used for future enhancement of the system accuracy an@eneral components of a greenhouse environmental monitoring
decisions making. The efficiency of their proposed monitoring based in wireless sensor network and IoT coneeptllustrated

and control system was validated through a comparative study byn Figure 5
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Figure5 General components of a greenhouse environmental monitoring based in wireless sensor network and 10T concept

The main element in the 10T is the network, whitds made  Phalaenopsisunder diverse lighting situations. Although the
possible a breakthrough in data communication and sharing fophysiological analysisis often occupied manually, these
greenhouse monitoring and control. It contains several physicaexamination approaches need tools with perfect accuracy to
items, softwareandsensors that are linked with wires or wirelessly nondestructively degree physiological factors of orchids.
through standard communication protof8% Both academic ~ Furthermore, because of the cost, farmers will not use highly
and industry sectionshave shown interestin greenhouse  precise tools to measure physiological dastof orchids. With
applications of 10%#%. In fact, 10T has been used in many areas scalability and flexibility of 10T, growers can have an excellent
of researcherssuch as: smart city®, agricultur&®°" and opportunity to meet such observing demé&fdis
healthcarB®®*® and is changing the traditionafarming
observation approaches by quickly providing quantitative data with
effective spatiotemporal resolution. For example, {arg) past This section reviews some of the recently published works on
information collected by loT applications can beddiier to a local the advanes in microclimate modeling and control, greenhouse
greenhouse community to conduct combined pesd disease energy analysis, predictions of vyields and environmental
management agendas in order to stop spreading of the associatpedrameters, optimization models, and decision support systems
damages. These data can also improve cultural practices anabplication for best cultivation practices.
decision making plaf§”. An application of this technology can 4.1 Advances in microclimate control
be found in the work of Liao et Y who developd an loT Conventional microclimate control algorithms are designed
monitoring system to simultaneously screen the growth conditionbased on a series of reference values known as set points. The
of Phalaenopsigind the environmental features of an orchid plant controller then adjusts the outputs with implemented rules to
factory. For example, Peng et™®P showed that by using a achieve stability by minimizing the error between references and
spectroscopic and spectrometer investigation carecityrprovide the inpus. The control of the microclimate in a greenhouse is a
the total of orchid chlorophyll. high-level task because of the number of involved variables that are

Moreover, Lin and HS4® applied a chlorophyll fluorometer  coupled and interrelated, making a complex-lioear system.
in their study. The monitored the photosynthetic status of = Some of the earlier attempts to apply advanced control

4 Environmental control and energy optimization
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techniquedor greenhouse environment can be found in the workswith minimum  environmental — impact&146:147] Other

of Caponetto et 2%, Pan et a''¥, Lin*'®!, CastafedaMiranda et  researchers have proposed optimization methods for maximizing
al™ and Xu et al*'® Recent advances in computer simulation the returns. See for example the wdf®5in which a dynamic

and artificial intelligence have worked their way into gremrde model of a greenhouse tomato and the optimal obptoblem for
environment modeling and predictions. Identifications and the seasonal benefit of the grower has been presented. A
modellings of different parameters in greenhouses have been topidermulation of the optimal control problem for minimizing energy
of numerous research works that aimed at improving productioninput to the greenhouse with a dynamic energy balance was
efficiency (i.e., higher vyield and quality, maximum return) by presented by van Beveren et’al and later expanded iri$0] to
evaluating and adjusting microclimate parameters and modeling ofnclude humidity balance. Incrocci et '8 proposed that
micrometeorology*®'*  The level of approaches vary from optimal CGQ concentration in the greenhouse can be based on an
simple models and timepased feedback contr8f¢*?? to more economic evaluation. To maintain a given L€ncentration

advanced solutions, such as mefiet control strated}, within the greenhouse, the supply must balance the assimii@ed
nonlinear control method$¥, adaptive control and adaptive flux to the outside air due to ventilation. Linker eti‘3!
management framewdt®*?® robust?®!, optimal controft?**%2, optimized greenhouse operation and in particular, @antrol,
energy balance mod&f&, and modebased predictive contfot. using a neural network. Most of these approaches have used crop

An important drawback in utilizing advanced control noeth in a models and prices of the harvested product. van Beveréf&t a
CEA is the difficulty in developing the dynamic model to simulate expanded this process further by including a dynamig l&2ance.
the behavior of the variables. Ultimately, the goal of any of theseThey reported a method to minimize the total energy that is
control systems is to minimize the input cost per unit of productionrequired to heat and cool a greenhouse. Their research provides a
and to increase the return by achievinghhyield and quality. model to define bounds for temperature, humidity, ,CO
The success of greenhouse systems analysis relies on theoncentration, the maximum amount of Cévailable, and the
effective use of information. To meet these requirements, variouseffect of different bounds on optimal energy input. The addition
control strategies based on complex algorithms of artificial of the dynamic C@balance provides a truly integrated approach
intelligence have been discussed in the literatufeor example, that takes all major aspects of greenhouse climate control into
fuzzy systems have achieved significant results in the area ohacount. This is important, given the trad# between natural
precision irrigatio* and microclimate control.  Several ventilation and the injection of industrial GQwhich occurs in a
techniques and approaches have been presented, includingreenhouse with active cooling. Nadal ef¥l. presented an
inverting fuzzy modél®, reconfigurable adaptive fuzzy energy and environmental assessment for a-tamfgreenhouse
faulthiding control®”, TakagiSugeno fuzzy modelifi§, and showed that their greenhouse achieved an annual saving in CO
conventional fuzzy logic control for smart greenholi$8s and emissions of 113.8 kgfmper year, relative to an equivalent
decentralized decoupling fuzzy logic contrdfiéd. These oil-heated greenhouse. Vadiee and M&rfh developed a
solutions have shown a more effective-geint tracking compared  theoretical model using TRNSYS to carry out greenhouse energy
with the conventional PID controllers. For example, analysis From the economic feasibility assessment, their results
El-Madbouly et al**” designedan active faultolerant control showed that the concept has the potential of becoming cost
system to fix of thelevice orsensor errors in weather system of a effective. A literature survey on greenhouse energy andfjsis
greenhouse. This control scheme involves a-tseéd fuzzy has concluded that evapotranspiration has a signifiogpe.ct on
proportionalintegral  (PI)  control scheme, a strong the nicro-climatd!®®**  This is true since the amount of
fault-hiding-based reconfigurable controller that can fix the faulty moisture that is added to the greenhouse environment due to
effects, and a reliable and sensitive obsebzesed fault detection  evapotranspiration helps moderate the vapor pressure deficit.
and diagnosis (FDD) system for diverse kinds of errors in the  Current advances in CEA systems tend towards sustainability
presence of schee disorderliness. A set of practical actuators and utilizing reewable energy by studying wind poweglas
and sensors were applied in this method to renovate the dlmmed  thermal applicatiod¥? and solar energy conservafi$i to
consistency and also to confirm correct tracking of resource inputsteduce fuel consumptidi®.  For example,in tropical and
Azaza et al*®@ introduced a smart fuzzy logic based control subtropical conditions, the strategy in noicimate control is to
schemeand upgraded by &pecial measure to the humidity improve resource ditiency by benefiting from the potentials of
relationship and temperature. Also, the scheme control wasatural ventilation and shadifi.. In fact, studies of different
improved with wireless information observing platform for control strategies indicated that smart management of natural
information routing and logging which preparastual time of ventilation for manipulating the environment under specific
information entree. exterior conditionss an effective approach to improve productivity
4.2 Energy analysis and optimization models and increase beneft§!. A smart tropical greenhouse that
Energy management strategies for optimizing greenhouseoperates on solar panels and benefits from an adaptive design and
cost'®™ require a comprehensive research and knowledge andtovering materials (i.e., mesh screens) will maximize the use of
understanding of climate condition, greenhouse systems, andatural and nechanical ventilatidi* %12l and will be less
pl antsd requi r e meeaiclsinvolves Practiving o depehdertd s en rhiglsmost cooling methods such as
innovative concepts of energy conservation and etgmngy using  evaporativE” %371 and high pressure fogging systefig.
mathematical moddfé>142  determining energy load using Nevertheless, the use of aittsect screens decreases the natural
building energy simulation modé&®¥], computational fluid  ventilation capacity md aggravates thermal conditions. It is
dynamics methd#*4414% or providing timal growth condition  therefore unrealistic to completely eliminate other means of cooling,



10 January2018 Int J Agric & Biol Eng @en Access at httg/www.ijabe.org Vol. 11No.1

especially during peak hours of cooling requirement. Comparedhe basis of three inputs that are measured inside greenhouse
to the wet paehndfans, fogging systems have shown to be more environment:  the  photosynthetically active  radiation,
suitable under suctclimate conditioH®. A comprehensive  mmol/(nfs), air temperature, € and CQ concentration, ppm.
review of advances in greenhouse microclimate control andA simplified version of TOMGR®® was developed with the
automation system for tropical regions is available in [169]. objective of providing a practical application and only has five
4.3 Environment prediction and yield estimation models steadystate variables: (i) node number for the main stem, (ii) leaf
Greenhouse growers use prediction sodbr the weather area index, (iii) total plant dry weight (W (iv) total fruit dry
forecast, photosynthesis predictions for plant growth progf8ss  weight (W), and (v) mature fruit dry weight (). Jones et
predicting disea$€é?, simulation of yiel#", and production  all*®® provided simulation results for three tomato varieties
planning and codbenefit analysis. Some of the earlier examples including DeRuiters, Beefstealind Bigboy respectively for three
of climate models to predict the temperature and humidity inside aexperiment locations at Gainesville (Florida), Avignon (France)
greenhous can be found in the works of [7, $I36]. A thermal and lake City (Florida). Some of the studies related to
model for prediction of microclimate factors inside a greenhouseevaluation and adaptation of TOMGRO model to specific climate
with mechanical ventilation and an evaporative cooling system wasonditions and cultural practices can be found in the works of
introduced by Willit§®. More recent mathematical models for [172, 191, 192]. It should be noted that the simplified
predcting greenhouse microclimate from external data have beelTOMGRO model only take into account the effect of air
addressed in [121, 17I80]. An innovative air temperature temperature and light condition, and other important variables
prediction model based on least squares and support vectsuch as C@concentration were not included in this version. In
machine with optimized parameters using an improved particleaddition, Jones et &f® did not take the work any farther than
swarm optimizatia (IPSO) technique is presented in [181]. The making the model calculatienn an Excel spreadsheet, hence the
authors compared and validated the performance of their modemodel could not be used directly with other models to control
with conventional modeling techniques by predicting the air greenhouse environments. To fill this gap, Shamshiri %l.
temperature in a solar greenhouse. Another example is KASPRGgvaluated and verified the performance of the reduced state
an advanced dynamic mdddor microclimate prediction in  variable version of TOMGRO motlef Jones et df®® using
greenhousé<®®2  This model consists of sdbnctions based  boundary data that were expected to result in zero yield output.
on mass and energy balance of the greenhouse environment. Hhe hypothesis was to test whether the model parameters are
detailed description of this model is presented in the work ofrobust enough to translate an adverse greenhouse environment
Rigakis et al’® This model wasused by Graamans et to (with air temperature so high to preveahy crop growth
describe crop transpiration and energy balance in plant factories bgevelopment) to realistic biomass and yield. For this purpose,
determining vapor flux and the relation between latent and sensibl&hamshiri et af*®! converted the model from spreadsheets
heat exchange for production of lettuce. format to Matlab Simulink (The MathWorks Inc, Natick, MA,
Sustainable development of modern greenhquesluction USA), provided a user interface to access the TOMGROténpu
systems also requires yield estimation models and knowdedgeand outputs, and replaced the lengthy calculation procedures of
based information software for adaptive management of resourceMlicrosoft Excel with oneclick step operation in Matlab. This
Since it is impossible to actually plant and experiment with every Simulink model of Shamshiri et &f®! provided a flexible
single greenhouse design and climate scenario, ematical platform for individuals unfamiliar with computer programming
models for simulation of yields and growth responses arelanguages and crop modeling to have an easy access to the
essential for achieving high yield at low cost. These models canTOMGRO model functionality. It was shown that the designed
also contribute to the optimization and management of Simulink model can be used reliably as a replacement for the
greenhouse energy under adverse climate conditions. An earlgpreadsheet version of TOMGRO model. Additional research
example includes the work of Gary et BF* in which an  works with experimentaland simulated based studies for
educational software called SIMULSERRE for simulating investigating the effects of structure design, covering materials
greenhouse plant system was developed. Some of thand control systems on greenhouse microclimate, crop
well-known simulation models for tomato plants include transpiration, and expected yields are available in the works of
TOMSIME8] TOMPOUSSE®®187 and TOMGR®®&8 A [51,55,76,120,193,194].
common weakness with these models is that their parameters a#4 Decison support systems
specific for the climate condition and greenhouse design that they = The management of production i greenhouse requires
were derived from. In addition, because of the complexity of decision making on several tasks and tinmgcales. These
the interactions between the greenhouse elementshendrop decisions are mainly tated to management of the crgpowth
itself, it is often impossible to correctly predict microclimate condition$'®), the culture period and practice such as sagdli
effects on the final yield with the same model parameters. Oneproductio'®®, eventbased irrigatio®”’ and the control and
of the most widely accepted yield simulation models is the management of environment based growth md&d8ls
TOMGRO®¥™i n which the authoretol aReseardnh andrdeveloprentin decisionpsappatisystem (DSS) for
use the same reduced model with parameters estimated at or@eenhouse application began during the 1990s, primarily for
location to simulate leaf area and aba@reund weight of tomato  recommendingnicroclimate reference values and-peints, and
growing in greenhouse condit i tompest iaml disehse enanagernenta tEarly stades includédhtbe f
version of TOMGR®®®! and the third versidt?®, respectivly works of Fisher et al*®, Clarke et al*® and Sun et df°%. A
had 69 and 574 state variables for simulation of tomato growth orDSS was built by Tchamitchian et & based on the
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mathematical forralization of expert practices and scientific simultaneously achieving high Yiée and highquality fruit.
knowledge to generate spoint values for greenhouse cultivation Shamshiri et af*” extended and implemented TOMGRO model
of tomato is reported to contribute to energy saving of 2. in SIMULINK and interfaced it with the HYTODMOD and
A similar application is presented in [202] for decision making OptVPD for microclimate evaluation and yield estimatiig(re
about the climat control regime that can quantify the energy 7). The interfaced HYTODMOD, OptVPD, and TOMGRO
costs based on different control strategies. More recent studiemodels can be used as a DSS tool for evaluation purpose by
can be found in the works of Cafadas ef&.and Aiello et af?*¥ exploring optimality degrees of the microclimate and
An interactive decision support system (DSS) developed bymacroclimate parameters as well as yield estimation depending
Short et al*®! based on the HYTODMOD growth response on the growth stage of the plant and different light condition. It
model of EAttal®®® is available to describe the optimality allows growers tomanually change the values of the growing
degrees of air temperatuend relative humidityat five growth parameters as well as the growth stages and receive a feedback by
stages and under three light conditions (night, sun and cloud)means of a number between 0 and 1 representing how close that
These functions wereested and validated by four independent parameter is to high yield and high quality. An application of
expert growers and were results of experiments with tomatothis DSS has been mented for dynamic assessmi#ft
cul tivar i Céhadesgseenbouse focagdat the Ohio measuring optimality degreéé8, and comparative evaluation of
Agriculture Research and Development Center with a floor areamicroclimate parametef€® in greenhouses with different
of 7.3 nf. In order to build anodel for defining the optimality ~ covering materials. Microclimate evaluation with VPD
degrees of VPD at different light conditions and growth stages ofinfluencesthe energy costs involved in gmehouse cultivation
tomato, Shamshiri et 87 integrated the growth response model and must be taken into account in humidity and temperature
of El-Attal®®® anddeveloped the OptVPD modefFigure § with control algorithms. A more idepth analysis and practical
a seies of membership function that take VPD (kPa) as input, andexamples of this DSS is presented by Shamshiri &t%akia an
generatea real number between 0 and 1 as output. The effectsadaptive management framework. This framework jples a
of air temperature(T) and relative humidity(RH) on the flexible platform for altering each participating variables in the
optimality degree of VPD based on this model are shown ingreenhouse. It simulates growth and environment responses in
Figure 6 The lowledge behind these functions and the different light condition, growth stages, growing season and
optimal and failure microclimate values were condensed fromlocation. The result is a cebenefit analysis that shoved what
extensive peereviewed scientific published research on level each combination of variableés close to the optimal
greenhouse cultivation of tomato and physiology, with the goal ofrequirements.
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Figure7 Snapshot of the OptVPD subodel, a pet of the DSS based on adaptive management framework architecture for
maximizing tomato yield?”

. or local community gardens for social and smlfficiency
5 Urban agriculture (UA) purposes, to complicated systems which involve indoor food

The fast growth of global population is changing the food production with the help of artificial light or inside factories that
production systems to keep up with the growing demands.ae capable of controlling the climate to produce sensitive plants.
Agricultural innovation and research in the past three decadesgince UA is mostly practiced indoors, it is also referred as
combined with the advances in information technology have vertical farming (VFY*Y, integrated farming inside building¥?,
introduced promising cultivation techniques that are valuable forand Zfarming (which stands for ZeroAcreageFarmifig)
sustainability and economic viability of CEA. EIff§! described ~ This type of food production is entering all cities in the world and
that throughotithe history, agriculture has always been associatedh as attracted public interest.
with urbancenters much more than it is imagined today. While for fresh food of good quality with no damage to nature.
traditional and modern agriculture have been separated in the uppé&everal reports indicated that more projects are involved in
layers, they are still attached to each other in the roots. Todaybringing farming productto citied?****%] fUA is an
food, as well as animal livestock, is surrounding us everywherethat makes, processes and markets food and fuel, mostly in
and the question about the origin of this supply is not a concerrreaction to the daily need for consumers in a town, city, or
anymore. By the late 2000s, major cities reached the point thametropolitan areas, on land and on water spread in the urban and
most people did not even need to associate food with naturakemiurban area, by employing many methods of production,
resource’$*?. using and recycling natural resources and city wastes to produce a

The concepts in UA and the associated facilites havevar i ety of pr o d?e% sin faa, dUA isiav e st ¢
received significant attention and popularity in the last 8 years,farming movement in the cities for circulation of food and
and are growing to meet the needs of the -@eeloping urban  nonfood plantsand tree products. Some of the suggested
life. A variety of systems may fall under UA concept in solutiors for a closedield production system in UA are the plant
different scale and possessidtigure §, ranging from a personal factories, vertical farming (VA), and rooftop greenhouses.



